Abstract: MoS2 nanosheets were prepared by a facile hydrothermal method and its morphology and structural properties were characterized by FE-SEM and XRD analysis. MoS2 nanosheets reinforced Ni composite coatings were prepared by a simple electrodeposition method using various concentrations of MoS2 in Watts nickel plating bath. Surface morphology, microstructure and crystal orientation of pure Ni and Ni-MoS2 composite coatings were characterized by FE-SEM and XRD analysis. Microhardness and wear resistance of pure Ni coating were improved by the addition of MoS2 nanosheets in the Ni matrix to use as solid lubricant.
Introduction
Electrodeposition is a simple and efficient method to produce metallic coatings with improved surface properties such as hardness, wear resistance and corrosion resistance. 1 Nickel is known to be a good electrodeposited metal because of its high mechanical properties and compatibility with most of the substrate materials. Electrodeposited Ni has high density, excellent wear and anticorrosion resistance and potential substitute for hard chromium coatings. As the grain size of the Ni reduces, the strength and strain hardening rate also increases. Electrodeposited nickel and nickel composites are emerging as a good replacement for environmentally harmful and carcinogenic hexavalent hard chrome coating. [2] [3] [4] [5] [6] Electrodeposited metal matrix nanocomposite coatings exhibit enhanced material properties such as microhardness, wear and corrosion resistance than the pure metal coatings. These enhanced properties depend mainly on the nature of deposited nanofillers and the distribution of nanofillers in the metallic matrix. However, it is difficult to achieve a stable homogenous dispersion of deposited fillers in the metallic matrix.
Several researchers have deposited different nanofillers such as transition metal oxides, rare earth metal oxides, and carbon-based materials embedded nickel composite coatings to enhance the microhardness, wear, and corrosion resistance. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Venkatesh et al. studied the mechanical and corrosion properties of Ni-Graphene nanocomposite coating and improved microhardness and corrosion resistance than pure Ni coating. 17 After the successful exfoliation of graphene, 2D materials have been received much attention.
Transition metal dichalcogenides (TMDs) such as MoS2, MoSe2, WS2, Wse2, WTe2 etc are important 2D materials and alternatives for graphene in semiconducting applications due to their large intrinsic bandgap. 18 Prior to plating, the mild steel substrates were mechanically polished using different grade emery papers, degreased with acetone, cleaned with soap solution and rinsed with distilled water. They were then dipped in 10 % H2SO4 solution for 10 sec and immediately transferred to the plating bath. MoS2 nanosheets were dispersed in the plating bath to obtain Ni-MoS2 composite coating.
Deposition was carried out by the addition of different concentrations of MoS2 in the bath and also by varying the stirring rate of the bath. Prior to electrodeposition, the bath solution was stirred using magnetic stirrer at 500 rpm for 24 h and subsequently ultrasonicated for 15 min to ensure an uniform dispersion of nanosheets in the plating bath. 
Characterization of Ni-MoS2 composite coatings
where D is the average crystallite size, K is the shape factor (typically 0.89), is the wavelength of incident X-ray radiation, is the full width half maxima (FWHM) or the peak width (radians)
at half of the maximum intensity and is the Bragg's angle (degree). The preferred crystal orientation of the coatings were calculated from the diffractogram data using the relative texture
where, and are the diffraction intensity of (hkl) planes of the coating and the standard Ni powder sample, respectively.
Williamson-Hall method from the line broadening in XRD pattern was used to confirm the crystallite size of Ni and to identify the lattice strain during electrodeposition. 21 Broadening of Xray diffraction peaks is mainly due to three factors: instrumental broadening, crystallite size, and lattice strain. In this method, it is assumed that the X-ray diffraction peak is a convolution of Lorentzian curve (influence of grain size) and Gaussian curve (broadening due to the strain). 22 Whereas, instrumental broadening error is not considered. Williamson and Hall suggested a relation for the FWHM of the profile which can be expressed as follows; (3) where, D and are volume weighted average crystallite size and lattice strain, respectively.
Williamson-Hall plot is drawn between 4sin at the x-axis and at the y-axis. The slope and y-intercept of the plot give the values of lattice strain and crystallite size, respectively.
Microhardness of the coatings were analyzed using Vickers microhardness tester (Wilson Wolpert, Germany) at a load of 0.5 Kg for a dwell time of 20 sec. Friction measurements were carried out by employing pin (8 mm diameter) on disc (high carbon high chromium steel) tribometer (Ducom instruments, India) at 5 N load with a sliding velocity of 0.5 m/s.
Results and discussion
Characterization of MoS2 nanosheets -The XRD pattern of prepared MoS2 nanosheets is shown in Figure 1 (a). The four distinct and clear peaks having planes (002), (100), (103) and (110) can be indexed to the standard powder diffraction file of hexagonal phase of bulk MoS2
(JCPDS . No characteristic other impurity peaks are found indicating that the prepared MoS2 nanosheets are highly pure. The broad peaks suggest that the crystallite size was at the nanolevel. The most prominent peak having the (002) plane shows a shift towards the lower angle with a 2θ value of 14.05 0 which is attributed to the lattice expansion and introduction of strain. 23 The interlayer distance has been calculated using the Bragg's equation and is found to be 6.30 Å which is greater than the bulk MoS2 (6.15 Å) having lattice parameters, a = 3.15 Å and c = 12.30
Å. 24 The increase in interlayer spacing confirms the formation of few layers of MoS2 nanosheets. Effect of stirring rate -The relationship between the weight percentage (wt %) of codeposited MoS2 and the stirring rate is shown in Figure 2 (b). With increase in stirring rate, the codeposition of MoS2 increases and reached a maximum value of 17 wt % at 400 rpm. Further, increase in agitation rate reduces the codeposition due to collision factor. Another reason may be the increased streaming velocity of the bath sweep away the loosely bound particles from the cathode surface and make the rate of particle removal higher than the rate of adsorption in the cathode surface which results in a decrease in the amount of codeposited MoS2 in the nickel matrix. 22 Thus, the stirring rate for maximum amount of codeposition of MoS2 is optimized and is found to be 400 rpm. and is shown in Table 2 . From the table, it is evident that the incorporation of MoS2 has reduced the crystallite size of Ni in the composite coating.
FE-SEM image reveals that
The preferred crystal orientation of Ni was calculated using RTC values (Eq. 2) and the results are shown as bar graph in Figure 4 (b). The preferred crystal orientation for the pure Ni coating is (220) with the maximum texture coefficient (TC) value of 41%, whereas for Ni-MoS2 coating, the preferred crystal orientation is (111) Table 2 .
From the table, it can be seen that the average crystallite size of nickel has reduced with the addition of MoS2 in the Ni matrix. There is an increase in crystallite size obtained from
Williamson-Hall method compared to crystallite size calculated using Scherrer's formula. This is due to the negligence of instrumental broadening error. The lattice strain calculated from the Williamson-Hall method is found to decrease for Ni-MoS2 composite coating compared to pure Ni coating. This shows that there is a stress relaxation when MoS2 is added into the Ni matrix.
The MoS2 nanosheets fill the defects and grain boundaries which result in grain boundary relaxation and release of stress. shown in Figure 7c . 8, 14, 20, 34, 35, 37 Moreover the weight loss of Ni-MoS2 composite coating is lower compared with literature report. 14, 20, 37 The addition of MoS2 nanosheets in the composite coating reduces the coefficient of friction and increases the wear resistance by sliding between the van der Waal's layers and act as a solid lubricant. In addition to friction coefficient, the grain refinement and microhardness also contribute to improve the wear resistance. 
